Respiratory syncytial virus (RSV) is a major health problem in young children, and host response to severe disease favors a Th2 immune response. To investigate the genetic basis for RSV disease severity, linked variants of 3 Th2 cytokine genes, IL4, IL13, and IL5 (which are clustered on chromosome 5q31.1) were characterized in 105 children who were hospitalized with severe RSV infection and 315 Korean control subjects in a pilot study. A common IL4 haplotype defined at 5 loci, which includes the Ϫ589T promoter variant, previously shown to be associated with increased interleukin (IL)-4 transcriptional activity and predisposition to asthma, was overrepresented in patients with severe RSV disease (odds ratio, 1.63; P p ). These results support the hypothesis that severe RSV disease might be related to increased .02 Th2 response, which is perhaps mediated by overexpression of IL-4, and provide preliminary evidence for a genetic link between severe RSV disease and subsequent wheezing.
Respiratory syncytial virus (RSV) is the most common viral respiratory pathogen in infants and children worldwide [1] . Nearly all children are infected with RSV by age 2 years. Roughly one-quarter of infants and children infected with RSV develop lower respiratory tract disease during initial infection, and severe disease that necessitates hospitalization develops in 1% or 2% of all infected children aged !1 year. Risk factors for severe RSV disease in infants and young children include bronchopulmonary dysplasia, premature birth, congenital heart disease, and underlying defects in immune or pulmonary function. Yet, the majority of young children who develop severe RSV disease are otherwise healthy and have no identifiable risk factors. Within this ostensibly healthy group, it has been hypothesized that genetic factors contribute to severe illness and its major manifestation, bronchial obstructive disease. RSV bronchiolitis is associated with subsequent recurrent wheezing, and a history of hospitalization related to RSV bronchiolitis during infancy constitutes a risk factor for reactive airway disease in children. However, there is a growing recognition that severe RSV disease might be an indicator, as well as a cause, of underlying pulmonary abnormalities that involve subtle functional or immunological deficiencies, depending on the particular population [2] .
Increased circulating levels of total serum IgE and high total eosinophil counts have been observed in the children with persistent wheezing after RSV bronchiolitis, compared with that of children with transient wheezing [3] . These observations support the hypothesis that a Th2 cytokine response in the acute phase of RSV infection predisposes infected children to recurrent wheezing. It is possible that alterations in the balance of the Th1/Th2 response could favor distinct disease patterns, such as mild upper respiratory disease or severe RSV bronchiolitis. A predominant Th2 response has been documented in mice that were previously immunized with inactivated RSV vaccine and had developed enhanced RSV pulmonary disease after subsequent virus challenge [4] . In addition, mice previously immunized with the G glycoprotein of RSV develop markedly enhanced disease, characterized by pulmonary eosinophilia, when challenged with live RSV. This was associated with CD4 ϩ T cells that were G specific and had Th2 characteristics. After immunization with the F protein of formalin-inactivated RSV, a similar enhancement of characteristic pathologic changes and Th2 bias were observed [5] . These findings suggest that a tilt of the host response toward the Th2 pathway could be a critical component in the development of severe pulmonary disease in otherwise healthy infants and young children, which is similar to that observed after immunization of mice with RSV G protein or formalin-treated RSV F protein.
Three Th2 cytokine genes, IL4, IL13, and IL5, have been identified as critical molecules in the Th2 response. These 3 genes are clustered within 140 kb in the chromosomal region Downloaded from https://academic.oup.com/jid/article-abstract/186/9/1207/940062 by guest on 02 April 2019 of 5q31.1 and are critical in mediating the effects of RSV infection on airway hyperresponsiveness [6, 7] . In this pilot study, we investigated common genetic variants of 3 closely related genes, IL4, IL13, and IL5, to determine whether genetic factors influence susceptibility to severe RSV disease in young children who have no known risk factors. To test this hypothesis, we screened for genetic variants in IL4, IL13, and IL5 and analyzed the distribution of genetic polymorphisms in a cohort of Korean children with severe RSV disease.
Patients, Subjects, and Methods
Case patient and control subject samples. Previously, a database had been established for children with severe RSV disease, including lower respiratory tract illnesses (LRTIs), who were admitted to the Seoul National University Children's Hospital (Seoul, South Korea) in 1993-2000. The criteria for a confirmed diagnosis of RSV LRTI included the following: isolation of RSV, documentation of respiratory distress, and radiological findings compatible with RSV disease. Guidelines for hospitalization included apnea, poor feeding with evidence of dehydration, and severe respiratory distress requiring oxygen therapy. The study was restricted to patients who were hospitalized only for RSV LRTI, aged !24 months, and lacked known risk factors. One hundred five case patients met inclusion criteria and were analyzed. The control subjects consisted of 315 anonymous healthy Korean blood donors recruited at the Seoul National University Hospital.
Polymorphism screening. To identify common genetic variations in IL4, IL13, and IL5, we resequenced the entire coding region and 5 untranslated regions (UTRs) in genomic DNA of 48 healthy Korean blood donors, which enhanced the likelihood of identifying polymorphisms with a frequency 15%. Sequence analysis was performed by use of dideoxy chain termination, using an ABI 377 automated sequencer (Applied Biosystems). The sequence variation in a validated polymorphism had to be observed in both directions. The position of each variation has been defined in relation to the translational start site. For the purpose of defining new variants, the following GenBank reference sequences were used for our analysis: AF395008 for IL4, AF377331 for IL13, and AF353265 for IL5.
Polymorphism analysis. The modified salt precipitation method (Gentra Systems) was used to extract genomic DNA from cryopreserved nasal aspirate samples from the patients with RSV and blood samples from the healthy Korean donors [8] .
The variants identified by resequencing were genotyped by use of polymerase chain reaction (PCR)-based assays. For Haplotype analysis. Haplotypes were inferred by use of computer program PHASE [9] by incorporating genotype data for the individual locus, namely IL4, IL5, or IL13, and in combination. PHASE is a statistical algorithm of haplotype reconstruction, which uses a Bayesian approach that incorporates a priori expectations to infer haplotypes. To characterize the haplotypes for 51 individuals (9 case patients and 42 control subjects) who were determined to be heterozygous at 2 loci (Ϫ1098 and Ϫ589 of IL4), sequence analysis was performed on the PCR products by use of Ϫ1098 allele-specific primers (F, 5-GCT GAT TTG TAA GTT GGT AAG ACT/G; R, 5 -AGT CCT CCT GGG GAA AGA TAG). Linkage disequilibrium (LD) was measured between 2 loci by use of the classical statistic, disequilibrium coefficient [10] . FD F Statistical analysis. Allele frequencies were compared between the case patient group and the control subject group by use of either Fisher's exact test or the x 2 statistic, as appropriate, using InStat for MacIntosh Version 2.0 (Graphpad Software). In this preliminary study, the analysis of each locus was presented without adjustments for multiple comparisons. Furthermore, the analyses of haplotype and combined genotype comparison also were presented without correction for multiple statistical significance tests, since this analysis does not represent an independent test but, instead, incorporates tightly linked genotype data [11] [12] [13] .
Results
Identification and confirmation of IL4, IL13, and IL5 polymorphisms. We identified 10 SNPs with a frequency у1% for each variant allele (table 1) . Specifically, we confirmed 6 SNPs in the IL4: 4 SNPs in the 5 UTR (TϪ1098G, TϪ589C, CϪ144T, and TϪ33C) and 2 novel SNPs in intron 3 (G8375A and A8412C). There were no SNPs identified in the coding region of Downloaded from https://academic.oup.com/jid/article-abstract/186/9/1207/940062 by guest on 02 April 2019 IL4. In the IL13 gene, 1 nonsynonymous SNP (G2044A) and 2 5 UTR SNPs (AϪ1512C and CϪ1112T) were confirmed, whereas only 1 SNP was confirmed at Ϫ746 of promoter region of IL5. For each common SNP, the proportion of heterozygote and homozygote alleles was consistent with the Hardy-Weinberg equilibrium (data not shown).
Construction of common haplotypes for SNPs in IL4.
The genotype data at 4 loci (Ϫ589, Ϫ33, 8375, and 8412) of IL4 are completely matched, which suggests complete linkage disequilibrium among these SNPs within the IL4 gene. TϪ1098G polymorphism were tightly linked with these 4 SNPs by the x 2 test for independence ( ). The Ϫ589C allele was con-P ! .0001 firmed in each of the 51 individuals who carried the G allele at Ϫ1098 by means of both sequencing of allele-specific PCR products and PHASE analysis. Additional haplotypes, using the 5 common SNPs of IL4, were constructed by use of PHASE, and all phase assignments were made with 190% probability. Three different haplotypes were identified, and 1 dominant haplotype appeared in the Korean population ( ; table 2). The association for the haplotype, P p .02 which includes Ϫ589T allele known to increase IL4 transcriptional activity [14] , suggests that an allele contributing to an increased risk could lie on the chromosome carrying the TTTGA haplotype of IL4. Because there is tight linkage disequilibrium among the 5 loci of IL4, we examined the observed combinations; only 5 combinations of the studied genotypes were present, and a difference between those with only the common homozygous major alleles at 5 linked loci and all other genotypes was observed (OR, 1.71; 95% CI, 1.06-2.76; P p ; table 2). .03
The allelic frequencies of SNPs in IL4, IL5, and IL13 for case patients and control subjects are presented in table 3. In this pilot study, we examined the individual SNPs that constitute the haplotype and observed an overrepresentation of each of the linked IL4 SNPs (Ϫ589T, Ϫ33T, 8375G, and 8412A) in the case patients with severe RSV ( ; OR, 1.63; 95% CI, P p .02 1.07-2.49); the findings were marginal for any single SNP if conservatively corrected for multiple testing ( ). P p .09 c There was no observed association between severe RSV LRTI and the remaining SNPs in IL4, nor the SNPs in IL13 and IL5. We did not observe strong linkage disequilibrium between the IL4 variants and those of IL5 or IL13, either in the construction of haplotypes or in the association study (data not shown).
Discussion
In this pilot study, we observed that severe RSV disease in Korean children is associated with a common haplotype of IL4, which contains a common SNP (Ϫ589T) known to increase transcriptional activity of IL4, as shown by use of a luciferase assay [14] . Previously, this variant in the promoter region of the IL4 gene had been associated with elevated levels of serum IgE and with the diagnosis of asthma in geographically separate populations [15] . We have shown that a common IL4 haplotype is informative and suggest that a functionally active SNP within the haplotype could be responsible for the disease association. Although we still recognize that this haplotype could be in linkage disequilibrium with another, as of yet unidentified, variant, we have no evidence to implicate another variant in IL5 or IL13. a Nos. indicate nucleotide positions relative to the translation start site. b n is the no. of chromosomes for both case and control group and allelic frequencies (%) are in the parenthesis. c Evidence for association was investigated using a x 2 analysis ( tables 2 ϫ 2 with 2 df, except when Fisher's exact test was used (*).
Interestingly, we observed tight linkage between a putative functional allele (Ϫ589T) and 4 additional common SNPs spanning an ∼9-kb region of IL4. This density of SNPs falls within the expected range for common SNPs in the human genome [16] . The haplotype data suggest that variants in IL4 are ancient for 2 reasons, namely, the paucity of common haplotypes, including the 5 SNPs, and the values of the D statistical analysis. For example, the base changes at 4 completely linked loci occurred only when there was a T allele at the Ϫ1098 position of IL4. This finding suggests that the biologically significant allele might be associated with the chromosome that carries a specific haplotype rather than be restricted to a single SNP. Furthermore, few genetic association studies have used common haplotype information to analyze data. On the basis of recent data defining haplotype structures in the region of chromosome 5q31 region [17] , it might be possible to determine the importance of underlying haplotypes in genetic association studies in the future, specifically in follow-up studies of children with severe RSV disease in different populations.
Studies in human and in animal models of RSV infection suggest that interleukin (IL)-4 contributes to severity of RSV disease [18, 19] . In the peripheral blood mononuclear cells of infants with acute RSV bronchiolitis, the IL-4:interferon-g ratio is substantially increased, compared with that in uninfected infants [20] . It has been observed that, in primary infection in infants and young children, the CD4 ϩ response is transiently biased toward the Th2 pathway. In the murine RSV model, it was shown that animals that overexpressed IL-4 and were infected with RSV experienced a delay in viral clearance and an increase in pulmonary immunopathology [18] . Antibody to IL-4 attenuated primary RSV bronchiolitis and increased cytotoxic lymphocyte activity after challenge with RSV, further supporting the importance of the Th2 response pathway in disease [19] . Thus, the available data suggest that, in severe RSV disease, a predominant Th2 immune response could be affected by genetic factors, namely, SNPs (embedded within common haplotypes) that alter the expression or response of a key cytokine, such as IL-4.
The genetic contribution of host factors to recurrent wheezing after severe RSV bronchiolitis has been suggested elsewhere [3] . Similarities between immunological phenomena seen in postbronchiolitic recurrent wheezing and RSV bronchiolitis include the appearance of RSV-specific IgE and the activation of eosinophils and basophils, all of which are favored by the Th2 profile. The association of severe RSV disease with an IL4 polymorphism, which previously has been shown to be associated with asthma and increased levels of serum IgE, supports the hypothesis that the same genetic susceptibility factors for atopy and hyperreactive airway disease also could play a role in primary acute severe RSV disease.
In the course of our study, we noted a striking difference in the frequency of the Ϫ589T allele between Korean population (77%) and 4 different large healthy control populations, North American Caucasians (16%; ), African Americans n p 229 (66%; ), Finnish (32%; ), and South Indians n p 206 n p 132 (11%; ; , respectively). Despite the differences n p 60 P ! .0001 in allele frequency, the pattern of RSV disease is the same worldwide. This raises the possibility that our findings in a Korean population do not necessarily apply to other populations. As a consequence, genetic factors that influence severe RSV disease in young children may prove to be quite complex and could vary among geographically isolated populations. Certainly, there are 2 additional loci, the surfactant protein A locus (including SFTPA1 and SFTPA2) and IL8 [11, 12] , that influence susceptibility to severe RSV disease in young children.
In this pilot study, we have provided evidence that there could be a significant association between variation in the IL4 gene and severe RSV disease in infants and young children in Korea. On the basis of our observations, it is possible to estimate the proportion of severe RSV disease in otherwise healthy children caused by the presence of the informative haplotype. The causative effect indicated by the calculated OR of 1.63 would correspond to an ∼63% increase in the risk for severe disease. Since the frequency of the associated haplotype is 0.77 in the Korean population, the proportion of potential cases caused could be as high as 49% [21] . However, RSV disease probably represents a complex disease in which host genetic factors and viral pathogenetic factors unique to RSV combine to increase or decrease the risk for severe disease. It is more likely that a number of loci each independently account for a fraction of the total variance in RSV disease. Since an altered balance between the Th1 and Th2 immune response has been identified as a critical component in severe RSV disease, further genetic association studies should target additional candidate genes derived from the Th1 and Th2 cytokine pathways, including receptors and signal transducers.
